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ABSTRACT
Optical topography (OT) is a method for visualizing brain functions noninvasively. In an OT
measurement system, near-infrared light, to which living tissue is highly permeable, is irradiated from
the scalp of the subject, and the scattered light reflected from the cerebral cortex is detected elsewhere
on the scalp. The spatio-temporal blood volume change in the cortex is visualized based on the signal
detected using two-dimensionally arranged optodes. The measurement imposes few constraints on the
subject, either physically or mentally, thus the subject is in a natural and relaxed condition during
measurement. Here, we describe out OT system, then report on an experiment to evaluate the system
using a phantom. We found that OT can accurately locate the activated region in the cortex. Also, as an
example of a clinical application of OT, we used our system to measure the language function,
demonstrating the system's ability to measure the activity of Broca's area.
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1. INTRODUCTION

The systematic clarification of human brain functions will lead to wide application in fields such as
psychology, information engineering, and educational engineering, as well as in the field of clinical
medicine. For this reason, various measurement systems have been developed. The
electroencephalogram which Berger invented in 1929 measures the electric current induced by the
activity of nerve cells in the brain [1]. This method, known as EEG, is used in clinical medicine and in
clarifying brain functions. Other than EEG, several noninvasive measurement systems - MEG
(magnetoencephalography), PET (positron emission computed tomography), and fMRI (functional
magnetic resonance imaging) - have been proposed [2-4]. In these measurement systems, the subject is
highly restrained. The subject is kept with in a narrow space and cannot move during the examination,
thus it is difficult for the subject to relax.

The measurement of brain functions using near-infrared spectroscopy (NIRS) imposes little restraint
on the subject. In this method, near-infrared light, to which living tissue is highly permeable, is
irradiated from the scalp of the subject and the light scattered in the cerebral cortex is detected on the
scalp [5-7]. This method measures the change in the blood-volume associated with brain activation.
When brain nerve cells are activated, blood-volume increases to supply more oxygen to these cells, and
this increase is detected through the change in absorption of the light due to the increased hemoglobin
(Hb) content.

Based on the NIRS method, the authors developed optical topography (OT), a method in which blood-
volume changes are measured at multiple points on the scalp for a subject. In OT, the signals are
detected by two-dimensionally arranged optodes, and the spatio-temporal activity of the brain is
visualized from these signals [8-11].

In this paper, we explain the principles of measuring brain functions by NIRS and describe the 24-
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channel OT measurement system developed by our group. After that, we report on our evaluation of the
location accuracy of OT, which was done using a phantom. It is difficult to directly evaluate with high
accuracy the position inside the actual brain where the blood volume changes. The phantom was used to
simulate the light scattering characteristics of living tissue and the blood-volume change associated with
the brain activation. Finally, a clinical application of OT is described. The brain activity associated with
the language function was measured with our OT system, and it was clearly shown that the blood-
volume increased in Broca's area.

2. METHODS

2-1 Principle of OT

Figure 1 shows the method used to measure blood-volume change in the cortex. The near-infrared
light enables high optical permeability through the various types of tissue, but it is strongly scattered by
these tissues. Thus, only part of the light is transmitted through the skull and reflected from the
cerebral cortex at about 15 mm below the scalp. The reflected light reaches the scalp again at a distance
of about 30 mm from the illuminated point. The Hb in the blood absorbs the near-infrared light. If the
blood-volume, and thus the absorption coefficient, increases in the cortex because of brain activation
during the stimulation period, the intensity of the reflected light decreases. Therefore, the difference
between reflected-light intensities R and Rs, obtained before and after the stimulation, respectively
(Fig. 1), provides information on the blood-volume change in the cortex.

In the actual measurement (Fig. 2), two 0.5-mW-output continuous wave (CW) lasers with a
wavelength of 780 nm or 830 nm are used as light sources to measure the change in the concentration of
the oxy-Hb and deoxy-Hb. The oscillators operate at different frequencies on the order of 1 kHz to
modulate the diode output power. The outputs from the diodes are mixed by an optical fiber coupler, and
illuminated onto the scalp. After the reflected light passes through the human tissue it is picked up by
an optical fiber. The photodiode then converts the reflected light into an electrical signal and sends the
signal to two lock-in amplifiers. Each lock-in amplifier, which refers to the modulation frequency of each
light source, separates the reflected light into one of the two original wavelengths (780 nmn or 830 nm).
The reflected intensity R(X,t) for the wavelength X (780 nm or 830 nm), and measurement time t is
obtained and sent to the analog/digital (AMD) converter. A personal computer analyzes the reflected
intensity.

When the subject is at rest (before brain activation), R(X,t) satisfies

-ln[R(X,t)]=F-o.y(X) Co.(t)d+ Edeo,(X.)C&.o,(t)d+sc(X), (1)

where eoy(.) and Sdeoxy(?,) are the molar absorption coefficients of oxy-and deoxy-Hb, respectively. Co,• and
Cdeoxy are the concentrations of oxy- and deoxy- Hb, d is the effective path length in the tissue, and sc(X) is
the attenuation due to the scattering in the tissue. In the same way, when the subject is activated by the
stimulation, the reflected intensity Rs(QX,t) satisfies

-ln[Rs(X,t)]=soxy(X)Csoy(t)d+ Edeoy(X)Csdoxy(t)d+sc(k), (2)

where the superscript "s" denotes stimulation. By subtracting equation (1) from equation (2), we obtain

-ln[R'(X.,t)/ R(X,t)]=Foxy(') [C'o.(t)- Coxy(t)] d+ -deo,(X')[C~d.,x(t)- Cd,.oxy(t)] d. (3)

We rewrite the right-hand side of equation (3) as

-ln[Rs(Q,t)/R(X,t)]=Eo~y(X)ACo~y(t) + £deoxy(x) ACSdeoxy(t), (4)

where

ACS• oy(t)=[Cs o.,(t)- C o.y(t)Jd, (5)
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ACSdeoxy(t)=[Cdeoxy(t)- Cdeo,(t)] d, (6)

respectively, because the value of d in the tissue is difficult to obtain at present. The ratio of the reflected
intensities in the left-hand side of equation (4) is measured at each wavelength (780 nm and 830 nm),
and the concentration changes of the oxy-Hb and deoxy-Hb are obtained. The concentration change of
the total-Hb is the sum of these.

To obtain a topographic image of the blood-volume change, an array of optodes that act as light
sources (incident positions) and optodes that act as detectors (detection positions) are placed on the
subject's scalp. Figure 3 shows the 24-channel measurement system. 16 light sources (eight sources for
each wavelength of 780 nm and 830 nm) and eight avalanche photodiodes (Hamamatsu C5460-01) are
employed. For the light illumination on the scalp and to pick up the transmitted light, optical fibers with
a 1-mm cladding diameter are attached to the scalp to eliminate interference from hair. These optodes
that make up each source-detector pair are separated by 30 mm. The sensitivity to the blood-volume
change is highest at the middle point of each optode pair, so the middle points are used as measurement
points [12]. In the Fig. 3, there are 24 measurement points at the middle of the optode pairs. The
minimum distance between measurement points is 21 mm, and the octagonal measurement area,
surrounded by these measurement points, is 90 x 90 mm. The blood-volume changes at these 24
measurement points are estimated, then a topographic image of the changes is obtained by spline
interpolation.

2-2 Phantom for OT

Here, we have developed a phantom that can be used to simulate the brain activation measured by
OT. For clinical application of the OT, location accuracy of the topographic image is critical, but the
location of the blood-volume change inside the cerebral cortex is difficult to detect accurately. The blood-
volume increase in the cortex is analogous to an increase in the absorption coefficient within a scattering
medium. Our phantom simulates the light scattering characteristics of the living tissue.

The phantom is made of epoxy resin (Buehler Corp.) containing the powdered titanium-oxide (TiO2,
KA30-K: Titan Kogyo Corp.)[13], and it consists of the body and inserts (Fig. 4). The size of the body is
200 x 200 x 40 mm to model the adult head size. The surface area of the body is five times the
measurement area of the 24-channel system in Fig. 3 to avoid the effects of light reflection at the
boundary. The height of the body is more than double the depth from the scalp to the cortex (15 mm).
The scattering and absorption coefficients of this phantom, estimated by the time-resolved measurement
method [14], were respectively 0.5 mm-' and 0.0 mm 1 at the 830-nm wavelength.

To simulate brain activation, the absorption coefficient inside the phantom should be variable. A 10-
mm-diameter hole was drilled in the center of the phantom, and inserts to be placed inside of the
phantom were prepared. The structure of the inserts (A) and (B) in Fig. 4 are homogeneous and
heterogeneous, respectively. The optical properties of insert (A) and sections (I) and (III) of insert (B) are
the same as those of the body. On the other hand, section (II) of insert (B) contains a greenish brown light
absorber. This light absorber has absorption in the NIR region and its absorption coefficient is
0.025 mm-'. In Figs. 5(a) and (b), inserts (A) and (B), respectively, are placed inside the body of the
phantom. The absorber is located near the center of the phantom and simulated the blood-volume
(absorption coefficient) change in the cerebral cortex.

The measurement system we used to evaluate our phantom is shown in Fig. 6. The optodes were
arranged on the phantom. Eight laser light sources (wavelength: 830 nm) were modulated at different
frequencies (1 to 10 kHz), and were coupled to the eight optodes used for illumination. Eight optodes to
detect the transmitted light were connected to avalanche photodiodes. The outputs from the photodiodes
were sent to lock-in-amplifiers that separated the transmitted light intensity into the 24 measurement
points. The data were processed with a computer.

To obtain a topographic image of the absorber in the phantom, the absorbance change AA at each of
the 24 measurements point is given as,

AA =- in (Rs/ R) (7),
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where, RS and R denote the reflected intensities with the light absorber and without the absorber in the
phantom, respectively. The distribution of AA inside the measurement area was estimated and a
topographic image of the absorber in the phantom was obtained.

2-3 Language function measurement

The language function is a brain function peculiar to humans. There is powerful need for a method of
measuring the language function for both basic research and clinical medicine purpose. In our language
function measurement, the subject was shown a picture of an object to activate the language function.
The subject wrote the word for the object and an inspector objectively checked and evaluated the
activation of the subject's language function. Measurement with a conventional brain function
measuring system is difficult, because the head of the subject moved during the test and this movement
caused signal noise.

Since the optical fibers used to irradiate and detect reflected light in OT are attached to the subject's
scalp, there is little noise during the measurement even if the subject moves a little. Thus, the subject is
likely to feel more natural and relaxed, compared, for example, to when being examined by MRI during
which immobility and an uncomfortable posture is required. For realistic language-function
measurement, an OT system may therefore be indispensable.

In this experiment, language functions were activated by a writing task rather than a speaking task
because the load is generally considered to be higher for a writing task[15]. There are two language
function areas in the cortex: Broca's area in the frontal lobe, and Wernicke's area in the temporal lobe.
The subject was a 27-year-old right-handed healthy male volunteer. Almost all (99 %) right-handed
people have language function territory fields on the left hemisphere sinciput, so the measurement area
was arranged on the subject's left hemisphere sinciput. Informed consent was obtained from the subject
before the investigation. The subject was awake and sitting relaxed in a chair. No special room was
required for this experiment, which would not be the case for PET or fMRI. The location of the subject's
language function area was estimated by anatomic MRI and with the neuronavigator [16]. The task
sequence for this experiment is shown in Fig. 7. The subject was shown a card with a picture of an object
for 3 seconds(In Fig. 7, a picture of a knife is shown). During the 3 seconds, the subject wrote down the
name of the object in Japanese "kana" which is a phonetic syllabary. The task was repeated 30 times so
the total stimulation period was 90 seconds. As a control task, the subject was shown a figure with no
meaning, which he was required to draw. The shape vaguely resembled Japanese "kana", and would
require a similar drawing motion for 3 seconds. Sample figures for this experiment are shown on both
sides of the picture of the knife in Fig. 7. During the writing and control tasks, the motor area located in
the frontal lobe was activated, because the subject moved his arm and hand when writing letters and
drawing figures. Therefore, the activation of the motor area was eliminated by subtracting the signal
intensities during the control task from the signal intensities during the writing task. In the same way,
the signal from the visual cortex could be removed. The control task was performed as pre-simulation for
a total of 60 seconds and as post-stimulation for a total of 70 seconds. The subject rested for 30 seconds
between post-stimulation and pre-stimulation for the next series of the task.

3. RESULTS AND DISCUSSION

3-1 Location accuracy

Figure 8 shows topographic images of AA and the relative locations of the optodes on the phantom and
the absorbers in the phantom. In Fig. 8(a), the absorber was set midway between two optodes, where AA
sensitivity was the highest. On the other hand, in Figs. 8(b) and (c), the absorbers were placed below an
optode and at the center of four optodes, respectively. These figures show that the location of the
absorber on the topographic image was consistent with the actual location inside the phantom within a
3-mm margin of error. This value is less than the interval between the measurement points (21 mm).
This value is also lower than the size of the visual cortex (more than 20 x 20 mm) and of the motor area
(more than 10 x 10 mm) [17]. Therefore, these results demonstrate that the OT system can be used to
identify the area of brain activation.
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However, the full width at half maximum of each AA distribution was more than 20 mm. This is more
than twice the diameter of the absorber inside the phantom. Thus, the spatial resolution of the
topographic image needs to be improved.

3-2 Language function measurement

Figure 9 shows a spatial map of the change in total-Hb obtained during the writing task and MRI of
the subject. To obtain this static topographic image, we averaged the change in Hb-concentration during
the writing task, compared to before and after at each channel position. Furthermore, the z-value of the
total-Hb concentration change at each measurement point was obtained. Among the 24 measurement
points, the z-value at channel 9 was the largest, and this channel corresponded to the Broca's area of the
subject as indicated by the MRI. Figure 10 shows the temporal change in the oxy-Hb, deoxy-Hb, and
total-Hb concentrations for channels 9 and 1. A hemodynamic response was observed approximately 30
seconds after the writing task started and the peak response occurred at about 60 seconds after the start.
In the region showing the highest activity there was an increase in oxy-Hb and total-Hb with a decrease
in deoxy-Hb. This is consistent with increased metabolic demand. On the other hand, in the outer region
of Broca's area, for example at the measuring point of channel 1, the oxy-Hb concentration and the
total-Hb concentration decreased 30 seconds after the writing task started.

4. CONCLUSION

Optical topography offers clear advantages for noninvasive brain function measurement compared to
other methods, we have developed a 24-channel OT system. To evaluate the topographic imaging of our
system, we created a phantom to simulate light scattering by the live tissue and the blood volume change
in the cortex. The topographic images identified the position of the light absorber in the phantom with an
accuracy of 3 mm. A potential application of optical topography is language function measurement, and
in doing this we observed increased blood-volume in Brocs's area during a writing task.
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Figure 1 Method used to measure the blood-volume change in the cortex.
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Figure 2 Method used to measure the change in concentration of the oxy-Hb and deoxy-Hb by NIR spectroscopy.
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Figure 5 Simulation method of the brain activation in the cortex by the phantom.
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Figure 8 Topographic images of the absorber in the phantom.
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Figure 10 Time responses of the concentration changes (oxy-IHb, deoxy-Bib, and total Bib) for channels 1 and 9 in Fig.
9. The two thick vertical lines in these figures denote the start and the end of the writing task.
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